Electromigration (EM) is a phenomenon that occurs when extremely high current densities (j -lo6 A/cm*) lead to mass transport of metal within integrated-circuit metallizations.i Failure of the interconnect can be caused by open circuit voiding or short circuit extrusions of the metal. The evolution of stress caused by EM in metallic interconnects is an important topic in microelectronics reliability.* Large stresses can develop in the line because of the transport of metal in a confined space. A great deal of research has been conducted in an attempt to understand the role of stress and stress gradients during EM and several models have been proposed.3T4.5 Experimental verification of these models has proven difficult due to the challenge of measuring stress in passivated interconnect structures with the necessary spatial resolution.
With recent advances in synchrotron and x-ray optics technology, x-ray microbeams have proven useful in the study of EM. X-rays are ideal for interconnect studies, as they can be focused on the order of the grain size and can penetrate any dielectric covering the line, unlike electron beams, which are only sensitive to the sample surface. Several groups have recently reported results using various x-ray microbeam techniques.6Y7Y8 In this letter, we report results using scanning white beam x-ray microdiffraction, which allows for mapping the complete orientation and deviatoric stress/strain tensor of micron-scale grains within a passivated interconnect line.
Additionally, the constituent Laue reflections for a given gram can yield information about plastic deformation that may occur during EM. The degree of plastic deformation is dependent on the position of the grain within the line. The width of a Laue reflection contains information on the dislocation density within a grain. The peak broadening during electromigration can be quantified by defining A0 as the difference between the full width at half maximum (FWHM) of the peaks plotted in theta-chi space. Theta is defined as the Bragg angle, and chi is the angle within the plane perpendicular to the incident beam. The peak broadening is strongest in the theta direction, which is across the length of the line. If we plot A0 of the (222) peak for several grains along the line, we can see a clear trend in the amount of peak broadening in a grain versus position in the line. Fig. 2(a) shows that plastic deformation increases as the anode is approached after 24 hours of electromigration (current during scan is +30 mA). The scatter in A0 is most likely caused by inhomogenous deposition of metal within the line, resulting from flux divergences along the length of the line. After current reversal, plastic deformation continues and many grains are further divided into subgrains, as seen in Fig. 1 .
In addition to peak broadening and splitting, grain rotations are also visible in Fig   1. These rotations are not due to the entire sample rotating, which would be evident via movement of the silicon background Laue pattern. In fact, many grains rotate in opposite directions from one another. Using the variation in intensity of a Laue reflection from a grain, we can estimate the size, shape, and location of the grain within the line. The stresses were also measured for a control sample that was at the same temperature as the EM sample, but had no current applied. The stresses remain constant in this sample and no peak broadening or grain rotations are observed.
We believe that the evidence from this experiment clearly shows that plastic deformation is an important process occurring during EM. Metal is being removed from near the cathode and deposited towards the anode. Flux divergences along the line lead to inhomogeneous metal accumulations at various locations. It is believed that these metal accumulations change the stress state of the surrounding grains, increasing local shear stresses that are then relieved via plastic deformation. Because plastic deformation will not relieve the hydrostatic stress, a gradient in hydrostatic stress can still exist. It should be noted that post-electromigration examination of the sample revealed no hillocks or extrusions. This is significant because it shows that the deformation was occurring within a closed volume and material was not allowed to escape.
Electroplasticity is the phenomenon of dislocation motion and multiplication due to an applied current. Baker et al. have investigated electroplasticity as it relates to electromigration in unpassivated interconnects, but did not find any significant effect.'* The fact that we see a gradient in both peak broadening and grain rotation indicates that the plastic deformation is most likely due to induced local shear stresses, rather than electroplasticity. Time (hours) Figure 3 
